The structure of an AlCuCo decagonal quasicrystal (DQC) with two quasiperiodic planes in an annealed Al 64 Cu 22 Co 14 alloy has been studied by spherical aberration (Cs)-corrected scanning transmission electron microscopy (STEM) with high-angle annular detector dark-field (HAADF) and annular bright-field (ABF) techniques. The observed HAADF-STEM images taken with the incident beam parallel to the periodic axis clearly represent individual transition-metal (TM) Cu/Co atoms and mixed sites (MSs) of Al and TM atoms as separated bright dots, and consequently arrangements of TM atoms and MSs on the two quasiperiodic planes can be directly determined. The TM atoms on the two quasiperiodic planes are arranged in pentagonal tiling with an edge-length of 0.76 nm, and also the TM atoms and MSs are located at vertices of Penrose tiling with an edge-length of 0.25 nm, and so they are arranged with a bond orientational order (BOO). Pentagonal frames with definite directions in the pentagonal tiling of TM atoms are also arranged in¸2-inflated pentagonal tiling with an edge-length of 2 nm. Arrangements of TM atoms derived from the observed HAADF-STEM image are placed in ideal pentagonal Penrose tiling with an edge-length of 2 nm, which is generated by the projection of five-dimensional (5D) hyper-cubic lattice, and are projected on occupation domains (ODs) in the perpendicular space. The arrangement of Al atoms and TM atoms and MSs in a well-symmetric region is interpreted from the observed HAADF-and ABF-STEM images. Keywords: decagonal quasicrystal, aluminum cupper cobalt, structure, spherical aberration corrected scanning transmission electron microscopy, high-angle annular detector dark-field scanning transmission electron microscopy, annular bright-field scanning transmission electron microscopy
Introduction
Modern spherical aberration (Cs)-corrected scanning transmission electron microscopes (STEM) have an enough resolution to represent individual atoms as bright or dark dots in observed STEM images taken with the incident beam parallel to the periodic axis of the decagonal quasicrystals (DQCs). Recent re-examinations of Al-transition-metal (TM) DQCs and crystalline approximants by a full use of Cscorrected STEM with high-angle annular detector dark-field (HAADF) and annular bright-field (ABF) techniques have produced new structural models formed by bond orientational order (BOO) arrangements of TM atoms, 13) instead of the cluster-based models that are characterized as BOO arrangements of large clusters, for example, with 2 nm in a diameter. The new models have been derived from observed HAADF-STEM images that TM atoms and mixed sites (MSs) of Al and TM atoms in the structures of DQCs can be represented as separated bright dots. Also, arrangements of Al atoms in well-symmetric regions of DQC structures are derived from those of dark dots in observed ABF-STEM images. In the present paper, we aim to perform a new interpretation about the structure of an AlCuCo DQC by full use of Cscorrected HAADF-and ABF-STEM. It is worthwhile that this study performed by using a Cs-corrected STEM enables us to establish the new structural model could replace the previous cluster-based model that has been accepted for a long time in the research of quasicrystals.
A stable AlCuCo DQC was first found by Tsai et al., 4) and then its structure has been discussed by X-ray diffraction using a single quasicrystal. 5, 6) On the other hand, recently, a study of the AlCuCo DQC with a Cs-corrected HAADF-STEM was performed by Taniguchi and Abe. 7) However, those studies have been interpreted by the cluster-based model on the basis of the existence of atom clusters with 2 nm in diameter. For example, Taniguchi and Abe discussed only the structure of 2 nm cluster and its arrangement from observed Cs-corrected HAADF-STEM images, and never touched the structure of a full area including glue regions between the atom clusters. We have recently studied the structure of a crystalline approximant, which has a¸3-inflated monoclinic Al 13 Co 4 structure (golden ratio¸¼ 1þ ffiffi 5 p 2 ) with an orthorhombic unit cell of a o = 10.1 nm, b o = 0.4 nm and c o = 6.7 nm, in an Al 66 Cu 15 Co 19 alloy by Cs-corrected HAADF-STEM observations, and proposed a structure model, which is characterized by a BOO arrangement of TM atoms in pentagonal tiling with an edge-length of 0.76 nm. 8) In the present paper, we have investigated the structure of AlCuCo DQC by paying attention to arrangements of TM atoms and MSs with BOO.
Experimental
An alloy of a nominal composition of Al 64 Cu 22 Co 14 was prepared by melting high-purity (99.99%) Al, Cu and Co metals in an arc furnace under Ar atmosphere. Fragments of the alloy were wrapped in tantalum foil and sealed in an evacuated quartz tube. This tube was annealed at 1173 K for 24 h, subsequently cooled down to 1073 K at a cooling rate 2 K·h ¹1 , kept at 1073 K for 72 h, and finally quenched in water. HAADF-and ABF-STEM images were simultaneously taken with the incident beam parallel to the periodic axis by using of a Cs-corrected electron microscope (JEOL JEM-ARM200F). Precession electron diffraction (PED) patterns were obtained by using a Spinning Star (NanoMEGAS) device with a precession angle of 2.7°. Figure 1 shows PED patterns of the AlCuCo DQC, taken with the incident beam parallel to three primary axes. Figure 1 (a) shows tenfold symmetry, and Figs. 1(b) and 1(c), taken along the two directions of q and p indicated in Fig. 1(a) , show a structure formed with two layers along the tenfold axis, 5, 6, 9) if weak diffuse scattering in Figs. 1(b) and 1(c) is ignored. These patterns indicate that the present Al CuCo (Al 64 Cu 22 Co 14 ) DQC has centrosymmetry, which is the same as that of Al 65 Cu 20 Co 15 DQC, 5) but is different from the result in the previous study of Al 64 Cu 22 Co 14 DQC, 7) which has non-centrosymmetry. Reflections at heights indicated by arrows in Fig. 1(c) disappear by the existence of a 10 5 screw axis and/or a c-glide plane. On the basis of the systematic extinctions in the diffraction patterns of Fig. 1 , the possible centrosymmetric space group for the present AlCuCo DQC is considered as P10 5 /mmc, P10 5 /mc and P102c. 5, 6, 10) We chose the centrosymmetric one, i.e., P10 5 /mmc. In (a), concentric circles of bright dots with 1.2 and 2 nm in diameter are observed, as indicated by small and large white circles, respectively, which are drawn by a size larger in order to be easy look at arrangements of bright dots, and in (b) small ring contrasts, indicated by a small circle, formed with ten dark dots encircling and their arrangement with a constant interval of 0.66 nm are observed. Note in (a) that strong dots with brighter contrast are observed on concentric circles with 1.2 nm in diameter and in regions between the 2 nm concentric circles, and in (b) large clusters with ten ring contrasts recycling with ten-fold rotational symmetry are observed at some places, as indicated by a circle.
Results and Discussion
formed with ten ring contrasts encircling with ten-fold rotational symmetry are observed at some places, as indicated by a large circle. Almost all of the strong bright dots in Fig. 2 (a) can be connected by two types of pentagonal tilings with an edgelength of 0.76 nm, as shown in Figs. 3(a) and 3(b) . The bright dots connected by lines in Figs. 3(a) and 3(b) correspond to TM atoms in A and B quasiperiodic planes stacking along the periodic axis, respectively. These pentagonal tilings with an edge-length of 0.76 nm can be uniquely derived from the arrangement of the bright dots in Fig. 3 . In upward pentagonal frames in the pentagonal tiling of Fig. 3(a) and downward ones in Fig. 3(b) , one can recognize double pentagonal arrangements, which are composed with pairs of bright dots along the directions of five-fold rotational symmetry, as can be clearly seen in an enlarged image inserted in Fig. 3(b) . As shown in the inset of Fig. 3(b) , inside five bright and central dots, enclosed by a circle, in the pentagonal arrangement can be considered to correspond to MSs on the tiling plane, whereas outside five ones, indicated by arrowheads, are considered to be TM atoms and/or MSs on the different plane from the tiling one, from previous studies of the W-(AlNiCo) 1, 11) and¸2-Al 3 Co 12) crystalline approximants and some AlCoNi DQCs.
13) On the other hand, bright dots in downward pentagonal frames in Fig. 3(a) and upward ones in Fig. 3(b) have distributions without definite symmetry, and most of those pentagonal frames are arranged in pentagonal tilings with an edge-length of 2 nm, as indicated by dotted lines. The pentagonal tiling with an edgelength of 2 nm is considered to correspond to one formed by connecting atom clusters of 2 nm in diameter.
7) It should be noticed here that there is no local pentagonal symmetry in the tiling of an edge-length of 0.76 nm around most of vertices of the large pentagonal tiling with an edge-length of 2 nm. The result means collapse of the cluster model that is characterized by BOO arrangement of clusters with 2 nm in diameter, with five-fold rotational symmetry.
From the arrangement of bright dots forming pentagonal tiling with an edge-length of 0.76 nm and the pentagonal arrangements of weak dots in the pentagonal frames with definite directions in Fig. 3 , arrangements of TM atoms and MSs on the A and B quasiperiodic planes can be directly derived, as shown in Fig. 4 . All of the TM atoms and MSs are located at vertices in Penrose tilings with an edge-length of 0.25 nm, and consequently they are arranged with BOO. Pentagonal arrangements of MSs in upward pentagonal frames in Fig. 4 (a) (A plane) and downward ones in Fig. 4(b) (B plane) can be seen in the B plane of the structures of W-(AlCoNi) 1, 11) and¸2-Al 3 Co 12) crystalline phases, which are considered to be ones of important approximants for the interpretation of Al-TM DQCs, and in quasiperiodic planes of several AlCoNi DQCs.
13)
An arrangement of TM atoms in pentagonal tiling with an edge-length of 2 nm is placed in an ideal pentagonal Penrose tiling of Fig. 5(a) , which is generated by the projection of five-dimensional (5D) hyper-cubic lattice with the window of Fig. 5(b) , as shown in Fig. 5(c) . All TM atoms in the ideal pentagonal Penrose tiling are denoted by 5D hyper-cubic index, using of five vectors shown in the lower right of Fig. 5(c) . These vectors produce a rhombic lattice with an edge-length of 0.25 nm as shown in Fig. 4 . On the A and B layers, each TM atom has the relation that a sum of 5D hypercubic index is 5n + 3 or 5n + 2, respectively, where n is an integer. On the other hand, in the perpendicular space, all atoms are projected on occupation domains (ODs) with various forms due to 5D hyper-cubic index, using of five vectors shown in Fig. 5(d) . In the ODs of Fig. 5(d) , upward black and downward gray pentagonal domains are produced by TM atoms in pentagonal frames with upward and downward directions in Fig. 5(c) , respectively. Furthermore white thin rhombus and ship-shape are subdivided and projected by TM atoms in the star-shaped, thin rhombic and ship-shaped frames in Fig. 5(c) . The TM atoms indicated by gray circles in downward pentagonal frames in Fig. 5(c) are arranged with no pentagonal symmetry, and those TM atoms produce ten deformed tetragonal domains in Fig. 5(d) . On the other hand, the TM atoms on the B plane produce inversed ODs of Fig. 5(d) .
The TM atoms and MSs are located at vertices of Penrose tilings with an edge-length of 0.25 nm, as shown in Fig. 4 , Fig. 3 Enlarged images of a part of Fig. 2(a) , in which almost of brighter dots in the image are arranged in two kinds of pentagonal tilings with an edge-length of 0.76 nm, as shown by solid white lines. Note double pentagonal distributions of bright dots, which can be clearly see in an enlarged image inserted in (b), in the upward pentagonal frames in (a) and downward ones in (b). On the other hand, in downward pentagonal frames in (a) and upward ones in (b), ten bright dots without definite symmetry are observed, and most of their pentagonal frames are arranged in pentagonal tiling with an edge-length of 2 nm, as indicated by dotted lines. In the inserted image of (b), inside five bright and central dots, enclosed by a circle, in the pentagonal arrangement can be considered to correspond to MSs on the tiling plane, whereas outside five ones, indicated by arrowheads, are considered to be TM atoms and/or MSs on the different plane from the tiling one.
however, Al atoms are considered to be shifted from the vertices from the structures of the crystalline approximants of W-(AlCoNi) 11) and¸2-Al 3 Co. 12) Also, it is hard to determine exact positions of Al atoms from the ABF image of Fig. 2(b) . In particular, arrangements of Al atoms in non-well symmetric regions without pentagonal symmetry cannot be determined from the ABF-STEM image. However, it is worthwhile to discuss the arrangement of Al atoms in the ring and wheel-like contrasts in Fig. 2(b) . Figure 6 shows enlarged HAADF-and ABF-STEM images of the large cluster, which is formed with ten ring contrasts surrounding a wheel-like contrast, as indicated by a large circle in Fig. 2(b) . The arrangement of TM atoms and MSs in Fig. 6(c) was directly derived from the arrangement of bright dots in the HAADF-STEM image of Fig. 6(a) , and the structure of Fig. 6(d) was obtained from the ABF-STEM image of Fig. 6(b) , assuming that all of Al atoms are located at lattice vertices in Penrose tilings with an edge-length of 0.25 nm. From the comparison between Figs. 6(a) and 6(c), one can see that inside five bright dots and central one in the double pentagonal arrangement in Fig. 6(a) are MSs and outside five dots correspond to TM atoms and/or MSs. As can be seen in Fig. 6(d) , also, the ring contrast formed with ten dark dots in the ABF-STEM image of Fig. 6(b) is produced by the projection of five MSs and five Al atoms, which are located on different planes, as indicated by large circles in Fig. 6(d) . Also, the wheel-like contrast around the center of the cluster is produced by the projection of opposite pentagonal arrangements of Al atoms and MSs on the different planes, as can be seen in Fig. 6(d) . The TM and Al atoms, and MSs in Fig. 6(d) are represented as dark dots in the ABF-STEM image of Fig. 6(b) . It should be mentioned here that the structure model of the large cluster in Fig. 6(d) is similar to that proposed in the previous paper.
3)
Summary
The AlCuCo DQC with two quasiperiodic planes stacking along the periodic axis has been studied by Cscorrected STEM observations. Individual TM atoms and MSs are represented as bright dots in HAADF-STEM images, and so TM atoms and MSs on the two quasiperiodic planes of DQC can be directly determined. The TM atoms are arranged in pentagonal tiling with an edge length of 0.76 nm, and pentagonal arrangements of MSs are located at pentagonal frames with definite directions in the pentagonal tiling of TM atoms. The TM atoms and MSs in the two quasipreiodic planes are located at vertices of Penrose tilings with an edge- 
